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Collocated measurements of the optical and physical properties of columnar and near-surface
aerosols were carried out from Manora Peak, Nainital (a sparsely inhabited, high altitude loca-
tion, ∼2 km above mean sea level, in the Himalayas), during the Integrated Campaign for
Aerosols, gases and Radiation Budget (ICARB) under the Geosphere Biosphere Programme of
the Indian Space Research Organization (ISRO-GBP). Under this, observational data of spec-
tral aerosol optical depths (AOD), mass concentration of aerosol black carbon (MB), mass con-
centration (MT ) and number concentration (Nt) of composite (total) aerosols near the surface
and meteorological parameters were collected during the period February 15 to April 30, 2006.
Though very low (<0.1 at 500 nm) AODs were observed during clear days, as much as a four-
fold increase was seen on hazy days. The A˚ngstro¨m exponent (α), deduced from the spectral
AODs, revealed high values during clear days, while on hazy days α was low; with an over-
all mean value of 0.69± 0.06 for the campaign period. BC mass concentration varied between
0.36 and 2.87μg m−3 and contributed in the range 0.7 to 1.8% to the total aerosol mass. Total
aerosol number concentration and BC mass concentration showed diurnal variation with a mid-
night and early morning minimum and a late afternoon maximum; a pattern quite opposite to that
seen in low altitude stations. These are attributed to the dynamics of the atmospheric boundary
layer.
1. Introduction
An integrated campaign for aerosol, gases and
radiation budget (ICARB) was conducted during
the March–May period of 2006 as a part of the
Indian Space Research Organization’s Geosphere
Biosphere Programme (ISRO-GBP). The ICARB
was conceived as an integrated campaign (Moorthy
et al 2006), comprising of three segments, namely,
the land, ocean, and aircraft segments. In each
one of these segments, collocated measurements
of the optical, physical and chemical properties of
atmospheric aerosols were carried out. The land
segment comprised of a network of ground-based
observatories, representing distinct geographical
features of India, providing a time series observa-
tion during the period when spatially resolved mea-
surements are made using the moving platforms in
the other two segments. The Aryabhatta Research
Institute of Observational Sciences (ARIES) par-
ticipated in the land segment of the campaign,
during the period February 15 to April 30, 2006
by making collocated measurements from the
Manora Peak (29.4◦N, 79.5◦E, ∼1951m AMSL), at
Nainital, the results of which are presented in this
paper.
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Table 1. List of instruments operated during ICARB, for aerosol parameters.
Parameter measured/
Sl. no Instrument and references estimated and method Conditions/remarks
1 10 channel multi-wavelength
solar radiometer, MWR
(Moorthy et al 1999; Sagar
et al 2004)
Mean spectral AOD at 380,
440, 450, 500, 650, 750, 850,
935 and 1025 nm by Langley
plot method
Clear, cloud free days or
partly cloudy days when
part of the sky within ∼10◦
of the solar disc is cloud free
2 15 channel Optical Particle
Counter (OPC, model 1.018
of Grimm Aerosol Technik
www.grimm-aerosol.com)
(Pant et al 2006)
Number concentration and
number size distribution in
15 channels of composite
aerosols, in the size range 0.3
to 20.0 µm
Automatic, portable, bat-
tery operated
3 Aethalometer (AE-42 of
Magee Scientific, USA) (Babu
et al 2004; Pant et al 2006)
(http://www.mageesci.com/
Aethalometer−book−2009.pdf)
Continuous and near-real
time estimates of mass con-
centration MB of black car-
bon at every 5min
Automatic, continuous,
operational (only from
March 2006)
4 High Volume Air Sampler
(Envirotech Inc., model APM
430) (Pant et al 2006)
Total mass concentration of
composite aerosols (TSP)
Automatic
5 Automatic Weather Station
(Campbell Scientific, Inc.)
(Pant et al 2006)
Relative humidity, temper-
ature, wind speed, wind
direction, etc.
Automatic
2. Experimental set-up and
methodology
The experiments were conducted from Manora
Peak – a remote, sparsely inhabited, hilly terrain in
the Himalayas, ∼3 km southwest of Nainital town
(with a population of ∼100,000). To the north
and northeast are tall Himalayan ranges, with
insignificant anthropogenic or industrial activities,
while to the south and southwest are densely
populated valleys and plains (with mean ele-
vation of ∼300m), at an aerial distance of
∼10 km. The information on the surface mete-
orological parameters such as wind speed (WS,
m s−1), direction (WD in ◦), relative humidity
(RH, %) and temperature (T , ◦C) on hourly
basis and daily total rainfall (RF in cm) was
recorded by using a set of meterological sen-
sors mounted on a tower and located at the
observing site. Aerosol parameters were measured
using a number of instruments, which are listed
in table 1, alongwith reference to their details,
data deduction and parameter retrieval, and error
budget.
3. Results and discussions
3.1 General meteorology
The prevailing meteorology at Manora Peak during
the period of study comprised of a synoptic north-
westerly circulation and a dry ambient with low
Figure 1. Temporal variations of daily mean meteorological
parameters, in the panels bottom to top are temperature,
relative humidity, wind speed and wind direction respec-
tively. The bars through them are the standard errors.
relative humidity (RH ∼50%) for most of the days.
Figure 1 shows the day-to-day variations of various
meteorological parameters during the study period
(February to April 2006). Generally, wind speed
is higher (> 4m s−1) during February, gradu-
ally slanting through March to April (∼3m s−1).
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Table 2. Summary of database during the campaign.
MWR∗ number OPC number Aethalometer HVS
Months of datasets of days number of days datasets
February 13 – 26 1
March 25 21 29 2
April 21 28 30 2
∗On few days the Langley plots showed different slopes for the FN and AN parts of the
same day and on such days each part of the day has been considered as an independent
dataset.
The direction of arrival varied between northwest,
southwest and southeast. Air temperature was low
(between 5 and 18◦C) during February and March
and increased significantly by April to be in the
range 15 to 23◦C. The general pattern was in-line
with the climatological pattern. The strong winds,
coming from the surrounding dusty plains, facili-
tate transport of the dry airmass carrying the soil
dusts into the measurement region. More details
regarding the location and prevailing meteorology
over the site are given elsewhere (Sagar et al 2004;
Pant et al 2006).
3.2 Spectral Aerosol Optical Depths (AODs)
The MWR was operated regularly on all clear/
partly-clear sky conditions. The raw data were
analysed, following the conventional Langley plot
technique (Shaw et al 1973), to estimate AODs
(τpλ) at ten wavelengths (centered at 380, 400,
450, 500, 600, 650, 750, 850, 935 and 1025 nm
with a nominal bandwidth of 5 nm). Normally, the
data collected on a day are considered as a sin-
gle set and daily mean AODs are derived, unless
the Langley plot revealed distinctly different slopes
in the forenoon (FN) and afternoon (AN) part
of the same day. On such days, the FN and AN
parts of the data are considered as independent
sets and mean AODs are estimated separately for
each set. More details on the instrumentation, data
analysis, and error budget are already published
(Moorthy et al 1999; Sagar et al 2004). The typical
uncertainty in the AOD measurements using MWR
is ±0.02. A total of 59 datasets were obtained
from the MWR measurements during the cam-
paign period, the monthly distribution of datasets
is given in table 2.
The temporal variations of AODs obtained dur-
ing the campaign period are shown in figure 2,
at four representative wavelengths 380, 500, 750
and 1025 nm in panels from bottom to top, respec-
tively. Each point in the plot corresponds to
the mean AOD value as discussed earlier, verti-
cal bars through these points represent the stan-
dard deviations. The figure reveals two important
points:
Figure 2. Temporal variations of AODs over Manora Peak,
Nainital at four representative wavelengths 380, 500, 750 and
1025 nm are shown respectively from bottom to top panels.
• There is a large day-to-day variation, and
• notwithstanding the day-to-day variations, AOD
in general remains very low (∼0.01 to 0.1) during
February and March. After April 14, it starts
increasing substantially. The increase is more
conspicuous at the lower wavelengths and on
the lowest AODs. The monthly mean values were
0.14 ± 0.05 for February, 0.09 ± 0.02 for March
and 0.20 ± 0.04 for April, 2006.
3.3 A˚ngstro¨m parameters
The spectral AODs contain information on
the columnar aerosol size distributions as the
maximum contributions to AOD at a given
wavelength come from the particles whose radii
are comparable to that wavelength (McCartney
1976). The simplest way of examining this is to
estimate the A˚ngstro¨m parameters α and β in
the relation (A˚ngstro¨m 1961) τpλ = βλ−α, where
β is the A˚ngstro¨m turbidity coefficient, α is the
wavelength exponent, and λ is the wavelength
in μm. The A˚ngstro¨m exponent depends on the
size distribution of aerosols and is a measure
of the ratio of the concentration of coarse to
accumulation mode aerosols, with higher values
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representing increased abundance of accumulation
mode aerosols, whereas β depends on the total
aerosol loading in the atmosphere (Shaw et al 1973;
Satheesh and Moorthy 1997). The values of α and
β are estimated for each day by obtaining lin-
ear least square fit to the measured AOD spec-
tra on a log-log scale. In general, the values of
α were in the range 0.06 to 1.45 with a mean
value of 0.69 ± 0.06 during the campaign period.
Higher and positive values of α indicate dominance
of fine/accumulation mode aerosols in the aerosol
size spectrum, whereas lower and negative values
of α indicate the dominance of coarse mode aerosol
particles (Moorthy et al 2001; Singh et al 2005).
The values of α at Manora Peak in the present
study are comparable to those reported by Ramana
et al (2004), for Kathmandu and Nagarkot, both
being high altitude sites in Nepal, due south-
east of Manora Peak, and also within the range
of values observed in December 2004 (Pant et al
2006). Higher values of α (1.5 to 2.1) are reported
by Singh and Singh (2004) for the two western
Himalayan sites, having the elevations of ∼4.5 km
and ∼3.4 km respectively. These high values of α
result from the reduced concentration of coarse
mode aerosols at these high altitude stations. How-
ever, when there is an increase in their concentra-
tion due to transport by wind etc., then the spectra
tend to flatten and α decreases. Based on the mea-
surements from Persian Gulf, Smirnov et al (2002)
have reported a low value of α (∼0.7) when dust
aerosol dominated in the atmosphere as compared
to the dust free conditions (α ∼1.2).
3.4 Number concentration of composite aerosol
The total number concentration (Nt) of compo-
site aerosols near surface was obtained through the
optical particle counter (OPC). The data, obtained
at 5min intervals, are averaged to get the daily
mean and their temporal variations are shown in
the bottom panel of figure 3. As the instrument
was installed only in March, the figure shows the
results only for March and April, 2006. There is
a slight decrease in Nt towards the end of March
followed by a gradual increasing trend in April, so
that by the end of April, Nt is more than twice
its value in mid-March. In the upper panels, we
have shown the temporal variation of the concen-
trations of accumulation mode (Na) and coarse
mode (Nc) aerosols respectively, which are respec-
tively the sum of the concentrations of channels 1
to 6 (radius <1μm) and 7 to 16 (radius >1μm)
of the OPC. It shows a very close resemblance in
the nature of variations of Nt and Na, suggesting
that the accumulation mode aerosols contribute to
a great extent, to the total number concentration.
The monthly mean diurnal variations of Nt, Na
Figure 3. Day-to-day variations of number concentration of
composite aerosols near the surface during March and April
2006. The vertical bars through the solid points are standard
error.
Figure 4. Diurnal variations of aerosol number concentra-
tion of composite aerosols near surface during the study
period March and April 2006.
and Nc are shown in figure 4. The points are the
monthly means and the vertical bars through them,
the standard errors. A well-defined diurnal varia-
tion is depicted in all the three panels (though less
conspicuously for Nc), with relatively low values
during midnight and early morning periods, fol-
lowed by a gradual increase in the daytime and the
diurnal peaks occurring in the afternoon about an
hour or so before sunset. The diurnal variation is
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seen more prominently in the case of small parti-
cles (size <1μm), rather than in the large parti-
cles (>1μm) and for the month of March. In April,
though the concentrations go up in all the three
panels, the diurnal variation becomes less promi-
nent and the afternoon peak occurs earlier. The
nature of the diurnal variation over Manora Peak
is distinctly different from that seen at other loca-
tions in the plains such as Trivandrum (Babu and
Moorthy 2002) or Kanpur (Tripathi et al 2005),
where the diurnal minimum occurs in the afternoon
and evening period and the maximum during night
and in the morning. This is attributed to the ele-
vated nature of the site, due to which the station is
normally above the nocturnal boundary layer. As
the day progresses and the land gets heated, the
boundary layer deepens and convective eddies start
lifting the aerosols and pollutants from the valley
below. As this process strengthens, these pollutants
rise to the height of the station or the capping
inversion breaks and a significant vertical transport
occurs leading to an increase in the concentration
of aerosols (Pant et al 2006). This also contributes
partly to the increased aerosol concentration in
April and the earlier occurrence of the afternoon
peak (because the thermal convections are stronger
in April than in March).
The sub-micron/accumulation mode aerosols
that dominate the total aerosol number concen-
tration are very important as they provide a
large surface area for scattering and as such, the
knowledge of the share of sub-micron aerosols to
the total aerosol number concentration is very
useful for assessing the radiative impacts. With
this consideration, we have estimated the accu-
mulation mode fraction (Na/Nt) and coarse mode
fraction (Nc/Nt). It was noticed that the accumu-
lation mode aerosols account for more than 90% of
the total aerosol number concentration during the
ICARB period.
The number size distributions of near surface
aerosols are constructed from the OPC data. The
average number-size distributions for March and
April 2006 are shown in figure 5. The distribu-
tions are quite similar for both the months and
resemble a combination of an inverse power-law
distribution (in the accumulation regime) and a
unimodal log-normal distribution in the coarse
regime, with a mode at ∼1μm. The concentration
at this secondary mode is about 1000 times lower
than the concentration at the smallest size.
3.5 Aerosol black carbon (BC) mass
concentration
Aerosol black carbon is considered as a tracer of
anthropogenic impacts at remote locations. Being
strongly absorbing in the visible and infrared, BC
Figure 5. Typical features of monthly mean number size
distributions of near surface aerosols during March and April
2006. The vertical bars through the solid points are standard
errors.
Figure 6. Day-to-day variations of aerosol black carbon
mass concentration during February, March and April 2006.
plays a significant role on the regional as well
as global radiation budget (Haywood and Shine
1995; Haywood and Ramaswamy 1998; Babu et al
2002, 2004). BC is chemically inert and has a
long life-time of about 7 to 10 days (Reddy and
Venkataraman 1999) in the lower atmosphere, par-
ticularly during dry/winter seasons. The individual
measurements of BC mass concentration made
using the Aethalometer are averaged over each day
to get the daily mean values and its temporal varia-
tions are shown in figure 6. The figure shows con-
siderable day-to-day variations ranging from 0.36
to 2.87μg m−3. Nevertheless, MB values are gener-
ally low at Manora Peak in comparison to the other
urban locations in India as reported by various
investigators (Babu and Moorthy 2002; Babu et al
2002, 2004; Latha and Badarinath 2003; Tripathi
et al 2005).
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Figure 7. Monthly mean diurnal variation of BC mass con-
centration during the study period. The arrows represent the
sunrise and sunset times for the 15th of respective months.
The monthly mean diurnal variations of MB are
shown in figure 7, which are quite similar to those
seen in the aerosol number concentration (Nt),
with low values during midnight, early morning
hours (up to 11 am), followed by a gradual increase
as the day advances to reach the peak late in the
afternoon hours and then decrease rapidly after
the sunset to reach the midnight low. The diurnal
variation is attributed to the ABL dynamics dis-
cussed earlier. A similar diurnal variation for BC
was also reported by Bhugwant et al (2001) from
a high altitude station in La Reunion.
3.6 Mass mixing ratio (FBC)
BC mass fraction FBC (which is the ratio; MB/MT )
is an important parameter in estimating the aerosol
radiative forcing (Babu et al 2004). From the
simultaneous measurements of mass concentrations
of composite aerosols (MT ) using the high volume
sampler and MB using the Aethalometer, FBC
was estimated. It varied between the highest value
of 1.8% during 27–28 April 2006 and the lowest
value of 0.7% during 12 to 13 April 2006. Even
the highest value is considerably lower than that
(6.5%) reported by Moorthy and Babu (2006) from
an island location of Port Blair in the Bay of
Bengal and comparable to the value seen over the
Arabian Sea during June (Babu et al 2004). Based
on cruise measurements over the Bay of Bengal,
Sumanth et al (2004) have reported FBC values
of 2.9± 1.1% and 5.8 ± 0.6%, during the post-
monsoon and pre-monsoon seasons respectively,
while over the Indo Gangetic Plains, Tripathi et al
(2005) have reported FBC to range between 7 and
15% at Kanpur. The very low values in our study
signify the pristine nature of the site.
4. Conclusions
Measurements of spectral AODs, concentration
and size distributions of near surface aerosols are
carried out at a remote, high altitude station
Manora Peak in the Himalayas during ICARB. The
main results of our study are as follows:
• The AODs are significantly low (<0.1 at 500 nm)
during clear day conditions and in the months
of February and March. The average AOD
increases by a factor of 2 in April.
• The AOD spectra are steeper with high (>1)
values for the A˚ngstro¨m wavelength exponent α
during clear days with low AOD. On hazy days,
with high AOD, the spectrum flattens and α
falls. The mean value of α during the campaign
period was 0.69 ± 0.06.
• Mass concentration of BC and number concen-
tration of composite aerosols showed significant
diurnal variation with a late afternoon peak
and early morning low. The diurnal varia-
tions are mainly attributed to the dynamics
of atmospheric boundary layer, which lifts up
aerosols from the polluted valley surface to the
peak.
• The aerosol number size distributions showed
bimodal characteristics, with a secondary mode
occurring at r ∼1.0μm, while the primary mode
does not appear explicitly.
• The accumulation mode aerosol contributes as
much as 90% to the total aerosol number con-
centration.
• The mass mixing ratio (FBC) of BC with com-
posite aerosols varies between 0.7% and 1.8%
and is very low compared to the values reported
for the plains.
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